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Objective: to determine the value of percentage area and diameter reduction in grading ICA stenosis using colour-coded
B-mode transverse ultrasonic images.
Materials and methods: measurement of the percentage area and diameter reduction of the common carotid, external
carotid and internal carotid (at the point of maximum stenosis) were performed, using duplex scanning with colour-flow
imaging preoperatively, in 33 patients (six patients were excluded). The duplex measurements were compared to the
percentage area and diameter reduction from transverse section of the specimens. Peak systolic (PSV) and end-diastolic
velocities (EDV) were measured at the proximal CCA and ICA within the jet of turbulence. A mm scale was placed next
to the specimen block, which was captured by video. The area reduction was measured by playing the video and using
the same duplex software.
Results: linear-regression analysis of the percentage area reduction of the in vivo against the specimen measurements
showed a good linear relationship (r=0.9047). The in vivo duplex measurements had 95% confidence interval (CI) of
8% (95% CI of diameter reduction 5%).
Conclusion: using the gold standard of fixed histological endarterectomy specimen, the results indicate that transverse
image obtained with colour B-mode imaging is more appropriate in determining the degree of stenosis.
Key Words: Duplex; Carotid; Diameter reduction; Area reduction; Accuracy.
Introduction Velocity criteria may be inaccurate in a number of
clinical conditions.4 Cardiac arrhythmia, aortic valve
The clinical importance of grading carotid artery sten- insufficiency, tandem plaques, recent hemispheric
osis became evident through major randomised con- stroke, good collateral circulation, carotid dilatation,
trolled multicentre trials of carotid endarterectomy or aneurysm may result in underestimation of the
(CEA) plus best medical treatment versus best medical degree of stenosis. Conversely, carotid coiling or kink,
treatment alone.1–3 In these trials a definite benefit of arteriovenous malformation, carotid-body tumours,
CEA in symptomatic patients was achieved in patients and contralateral severe stenosis or occlusion may
with moderate to severe internal carotid artery (ICA) promote overestimation of the luminal narrowing.11,12
stenosis. Data from NASCET study have demonstrated Also, velocity criteria may over- or underestimate the
that the result of stroke in the medical group increases degree of stenosis in the presence of severe contra-
with increasing degrees of stenosis. Duplex scanning lateral disease.
has now become the principal method of investigation However, different criteria have been used to grade
for carotid bifurcation disease, and the decision to the severity of carotid lesions. It has been pointed out
operate or not is often based on the grade of stenosis. that in some cases the different values produced by
The main criteria for grading the degree of stenosis these methods could produce major differences in
using duplex have been the systolic and diastolic management. For instance, a 70 per cent stenosis meas-
velocities in the internal and common carotid arteries ured by the ECST method was equivalent to a 55 per
either used as absolute values4–6 or ratios.7–11 cent stenosis measured by the NASCET method.13 The
velocity criteria were developed in the late 1970s and
early 1980s when B-mode image resolution was rather
* Please address all correspondence to: S. Jmor, Professorial Unit, poor. Modern equipment provides high-resolutionAberdeen University Hospital, Foresterhill, Aberdeen, AB25 2ZA,
U.K. images and this, combined with colour-flow imaging,
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(a) (b)
Fig. 1. B-mode colour image of the internal carotid artery using (a) transverse section (b) longitudinal section to show the percentage
of area and diameter reduction, respectively.
has provided a means of better delineation of the reduction of the common carotid artery (CCA) (just
lumen as well as the arterial wall and plaque. before the bifurcation), external carotid (ECA) (just
High-resolution ultrasound has the ability to pro- distal to the bifurcation) and internal carotid (ICA) (at
vide clear transverse images of the plaque and residual the point of maximum stenosis) were performed using
lumen. This is more evident with the use of colour- duplex scanning with colour-flow imaging. The outer
flow facilities that provide better delineation of the area as defined by the media–adventitia border and
plaque outline. It has been suggested that B-mode the lumen area at the point of maximum stenosis
imaging may provide alternative criteria for grading defined by the colour–plaque interface were outlined
ICA stenosis, which may complement the velocity on the screen using either ellipse or continuous trace.
criteria and improve accuracy.13–16 Care was taken to avoid overlapping between colour
The primary aim of our study was to determine the and plaque (Fig. 1). The diameter measurements were
accuracy of percentage area and diameter reduction obtained at four cross-axes drawn at 45 degrees to
determined from transverse B-mode image with col- each other. The inner diameters were drawn at the
our-flow. The secondary aim was to compare the ac- point of maximum stenosis and the outer diameters
curacy of transverse image with velocity criteria. within the media–adventitia border (Fig. 2). Both area
and diameter were measured for the outer and inner
circles on the same frame. The software provided
automatic calculation for percentage area and diameterMaterial and Methods
reduction.
Peak systolic (PSV) and end-diastolic velocitiesPatients admitted between January and July 1996 for
(EDV) were measured at the proximal CCA and ICAcarotid endarterectomy were entered into the study
within the jet of turbulence. The following velocityhaving undergone a carotid duplex scan. The scans
ratios were used to calculate the degree of haemo-were performed preoperatively (one day to four
dynamic stenosis: PSVic/PSVcc, EDVic/EDVcc andweeks) using ATL HDI 3000, with a L 7–4 MHz multi-
PSVic/EDVcc.frequency probe with a linear scan head from Ad-
In two patients intraoperative duplex scan was per-vanced Technology Laboratory, Letchworth, U.K.
Measurement of the percentage area and diameter formed using ATL HDI 3000, 10–5 MHz linear array
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Fig. 2. Transverse section of the carotid plaque showing measurement of percentage diameter reduction using 4 axes at 45 degrees
to each other in: (a) concentric residual lumen; (b) eccentric residual lumen.
probe. The examination was performed in saline bath, were compared to the percentage area and diameter
reduction of the specimens.after exploring the artery and before clumping.
The CEA specimens of those patients scanned pre- The specimens were then fixed in 10% formal saline
solution. These specimens were rescanned in the sameoperatively were kept in normal saline, and in vitro
measurements performed within 1–4 hours. The speci- way, in order to measure the effect of formal saline
on the absolute and percentage diameter and areamens were either obtained, uncut, with a sharp, clear
surgical slit or partially damaged. Those damaged measurements (specimens remained in formal saline
for 1 week to 6 months).were excluded from the study. The specimens were
scanned longitudinally and transversely in a saline All the specimens were submitted to the pathology
department for sectioning. Sections were made at 2-bath with the 10–5 MHz linear array probe (Fig. 3).
Measurements were obtained in the same way as mm intervals, starting from the proximal site of the
CCA with all blocks caudally oriented. Blocks labelledpreoperatively by selecting the transverse section of
the CCA just before the bifurcation, the ECA just distal as A1–A10; A1 representing the CCA block, A2 the
to the bifurcation (if intact) and the most stenotic site block before bifurcation (BBB), A3 the bifurcation
of the ICA. The in vivo B-mode duplex measurements block, A4 representing ECA block, A5–10 representing
ICA block (according to the length of ICA), the last
block being labelled as the most cranial ICA block
(Fig. 4).
The BBB (A2) and the ECA Block (A4) were selected
and used as the representative blocks for the CCA and
the ECA section on the duplex scan. The ICA blocks
were arranged according to the pathological labelling
to identify the most stenotic block; the blocks before
and after this one were also selected. All these blocks
were photographed by video camera (Sony 10X). The
videos were played back on a Super VHS video, which
was attached to the same duplex scanner. Using the
freeze-frame facility, pictures were captured on the
monitor screen to measure the diameter and area
reduction in the same way as before. The pictures
were calibrated by using the mm scale placed next to
the blocks, i.e. in vitro block measurements.Fig. 3. B-mode image of the internal carotid artery specimen using
transverse section to show percentage area and diameter reduction. The in vitro block measurements of the degree of
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Fig. 4. Photographic image of the blocks of the specimen showing the common carotid, external carotid and internal carotid artery
with mm scale to measure the degree of stenosis.
stenosis were used as a gold standard against which The results of the preoperative B-mode measure-
ment in vivo and B-mode measurements in vitro ofall other measurements were compared.
Ten of these specimens were selected at random for ICA stenosis using area reduction showed a linear
relationship. The linear regression analysis with 95%rescanning to measure the intraobserver variability. In
order to measure the interobserver variability, another confidence intervals showed slope of 0.1593–0.597, Y
intercepts of 39.51–78.66, r2 of 0.2932, r of 0.5415 andten specimens were selected at random for rescanning
by one of the vascular research fellows. Only the most p of 0.0014. The mean (m) and the difference (d) for
both readings showed the mean (m) of the differencestenotic site of the ICA was selected for intraobserver
and interobserver measurements. (d) was -3.5878), d–2 standard deviation (s.d.) was
5.4172 to -12.592.To measure the accuracy of duplex the patients were
grouped according to the degree of stenosis into three
groups (70–84%, 85–94%, 95–99% stenosis).
Data analysis was performed using the SPSS stat-
istical program, GraphPad Prism (www.graphpad.
com/www/about.htm) and Microsoft Excel. Cor-
relation and linear regression analysis with 95% con-
fidence intervals were obtained. Also, the t-tests were
obtained for comparison tables. The agreement of the
measurements was studied using the statistical method
described by Bland and Altman.18
Results
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Thirty-nine patients were studied; six patients with
Fig. 5. The relationship between the in vivo and in vitro B-modepoor images or partially damaged specimens were measurements of the percentage area reduction in CCA, ECA and
ICA.excluded, leaving 33 available for analysis.
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Table 1. Correlation and linear regression analysis with 95%
confidence interval (CI) between the measurements of the degree
of stenosis using B-mode in vivo and in vitro, in vitro B-mode
and in vitro block, and in vivo B-mode and in vitro block.
95% CI r r2 p
In vivo and in vitro B-mode 0.87–0.95 0.92 0.84 <0.0001
In vitro B-mode and in vitro block 0.92–0.97 0.95 0.9 <0.0001
In vivo B-mode and in vitro block 0.86–0.94 0.9 0.82 <0.0001
Table 2. The mean (m) of the difference (d), the difference (d)–2
standard deviation (S.D.) of the mean and coefficient of variation
(CV) for the agreement of the measurements between the degree
of stenosis in vivo and in vitro B-mode, in vitro B-mode and in
vitro block, and in vivo B-mode and in vitro block.
Mean Difference– Coefficient of
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Fig. 6. The difference against the mean for the in vitro B-mode
In vivo and in vitroand in vitro block measurements of the degree of stenosis using
B-mode 4.89 5.99–15.76 0.14percentage area reduction in the CCA, ECA, and the ICA according
In vitro B-mode andto statistical method described by Bland and Altman.
in vitro block 0.98 11.87–10.89 0.13
In vivo B-mode and
in vitro block -6.57 5.21–18.3126 0.15
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Fig. 8. The relationship between in vitro B-mode measurements in
Fig. 7. The relationship between in vivo and in vitro B-mode with saline and formalin for CCA, ECA and ICA using percentage area
in vitro block using percentage area reduction in the CCA, ECA and reduction.
ICA. (B) Preoperative (in vivo) measurements of AR using duplex.
(E) Postoperative (in vitro) measurements of AR on the carotid between in vivo and in vitro B-mode against in vitro
specimens using duplex. (— —) Linear (postoperative (in vitro) block measurements. The results of linear regressionmeasurements of AR on the carotid specimens using duplex): y=
analysis with 95% confidence intervals between the B-1.0157x-2.0231, R2=0.8959. (– – –) Linear (preoperative (in vitro)
measurements of AR using duplex); y=1.1148x-15.639, R2=0.8185. mode measurements of the in vivo and in vitro, in vitro
B-mode and in vitro blocks, and in vivo B-mode and
in vitro blocks are shown in Table 1. Table 2 shows theThe result of the measurements for the CCA, ECA
and ICA were combined to provide a higher statistical agreement between measurements for the above three
groups using the statistical method described by Blandpower and to represent the degree of stenosis below
70% in ICA. and Altman.18
t-Test (paired two-tail) for the in vivo B-mode meas-Fig. 5 shows the relationship between the in vivo
and in vitro B-mode measurements of the degree of urements against in vitro blocks showed a t value of
2.51 and its p value of <0.05. A 3·3 contingency tablestenosis in CCA, ECA and ICA. Fig. 6 shows the
agreement in measurements between the in vitro B- for observed and expected frequencies shows v2 of
15.04028 and p of 0.004618 for the in vivo B-mode andmode and in vitro block of the degree of stenosis in
the CCA, ECA and ICA. Fig. 7 shows the relationship in vitro block measurements. Fig. 8 shows the effect
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Table 3. The mean (m) of the difference (d), the difference (d)–2 must be completed by a Doppler investigation. Also
standard deviation (S.D.) of the mean and coefficient of variation in some cases (hypo-echoic atheroma, calcified plaque
(CV) for the agreement of the measurements for intraobserver
and critical stenosis) the internal lumen of the arteryvariability (10 specimens).
cannot be correctly visualised and measured.14 Trans-
Mean Difference– Coefficient of verse views with colour imaging are used to counteract
(m) 2 s.d. variation
the drawback of the longitudinal view and to provide
Intraobserver an accurate measurement of the anatomical degree of
variability 0.602 4.94–3.74 0.02 the stenosis. The colour facilitates visualisation of theInterobserver
blood flow which avoids most misinterpretations ofvariability -0.06875 5.5–5.4 0.03
the B-mode image or Doppler, provides a clear outline
of the plaque contours, detects irregularities, facilitates
Table 4. The difference in the estimated diameter stenosis using the identification of the narrowest point of stenosis
different methods of velocity measurement in relation to that
and contributes to the diagnosis of occlu-estimated from endarterectomy transverse blocks.
sion.11,14,23 Therefore, it makes B-mode measurement
Duplex method used Percentage of cases with stenosis more accurate. It also provides with the longitudinalconcordant to that estimated from the
image an anatomical view, which can be easily in-surgical specimens
terpreted by physicians, without a need for great
B-mode 93% experience in ultrasonography (Fig. 1). Indeed, it mayPSVica 79%
provide an image with a better resolution and detailEDVica 24%
PSVica/PSVcca 76% than angiography. In addition the duplex scan can
EDVica/EDVcca 60% provide us with the plaque characterisation andPSVica/EDVcca 76%
physiological measurement of haemodynamically sig-
nificant changes, which will help in making a decision
on the management of the patients.
of formal saline on the % area reduction of the speci- Validation of duplex measurement of percentage
mens. The agreement in measurements for the effect diameter reduction against the pathology specimen
of formal saline shows the mean of the d (-0.05714), has been reported by several groups.23–25
d–2 s.d. was 6.182482 to -6.29677). Coefficient of We validated B-mode measurements of percentage
variation (CV) is 0.1432. Table 3 shows the agreement in area reduction against the pathology specimens, as
measurements for the intraobserver and interobserver the blood-volume flow through the stenotic segment
variability. depends on the velocity of the flow and residual area,
Table 4 summarises the difference in the estimated not residual diameter.
diameter stenosis using different methods of velocity Validation of the in vivo ICA stenosis against in vitro
measurements in relation to that estimated from end- using % area reduction on B-mode shows that in vivo
arterectomy transverse blocks (as a gold standard). duplex measurements are underestimating the degree
Twenty-nine out of 33 were in the region of 70–99%. of stenosis; this has been reported by others.26
Errors can be introduced into the performance and
interpretation of duplex ultrasonography in many
ways. The Doppler angles or angle of insonation of theDiscussion
vessel is important. Small errors in angle determination
can lead to errors in the calculated stenosis. This is aSeveral velocity criteria have been proposed to meas-
much greater problem in a tortuous vessel or in vesselsure the degree of stenosis in ICA.4–11,19–21 Different
that are not well seen. Calcification can hinder thecriteria give different degree of stenosis in the same
assessment of a diseased vessel, especially when apatients. Also, the measurements are machine- and
thick calcified plaque obscures the degree of stenosis,operator-dependent, and each laboratory needs to
which may lead to an underestimation of the diseasestandardise their own readings.11
involved.In the longitudinal view, B-mode measurement of a
Using in vitro measurements as a gold standard, thesingle dimension of the plaque shows large variations
mean and the difference for the in vivo and in vitrofrom one operator to another, because of the difficulty
measurements of the ICA stenosis on B-mode showsof reproducing the angle of incidence and irregular
that B-mode measurements of the degree of stenosisstenosis of the lumen. Therefore, the longitudinal view
may be about 5% higher or about 12% lower than thewhen used alone is not reliable enough to evaluate the
degree of stenosis and in many cases this examination actual degree of stenosis.
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The degree of stenosis in the CCA and the ECA was in vitro measurements of the degree of ICA stenosis
on B-mode using percentage area reduction showedalso used to represent the lesser degree of stenosis in
high agreement, CV of 0.015992 for Intraobserver andthe ICA, as the number of cases with lower degree of
0.025417 for Interobserver.stenosis in the ICA operated upon are few and one
The intraoperative image shows an almost identicalcannot draw any significant conclusion from them.
result with the measurement of the plaque stenosis inWhen all the data (CCA, ECA and ICA) were com-
both cases studied, but the number of cases were notbined, linear regression analysis with 95% confidence
enough to make a firm conclusion possible.intervals shows high correlation with the r value of
In comparison between transverse section and ve-0.9155 and p value of <0.0001. Also, the mean and the
locity criteria, it is apparent that transverse section isdifference for both readings shows that duplex scan
more accurate than any velocity measurement. Usingis underestimating the actual degree of stenosis, and
velocity criteria PSVica is the second accurate afterat the same time the measurement of the degree of
transverse section followed by PSVica/PSVcca andstenosis using % area reduction may be 15% below or
PSVica/EDVcca.5% above the actual degree of stenosis.
These data shows that using percentage area re-The in vitro measurements on B-mode were val-
duction on the transverse section of B-mode imageidated against in vitro blocks as mentioned before;
will predict the degree of stenosis more accuratelylinear regression with 95% confidence intervals be-
than any other criteria used by duplex.tween both measurements for the CCA, ECA and the
In conclusion, using the gold standard of fixedICA shows high correlation with an r value of 0.9465
histological endarterectomy specimen, our dataand p value of <0.0001.
showed that measurement of the degree of stenosisThe mean and the difference for both measurements
using transverse section after screening the carotidshow regular distribution of shift from the mean with
artery with the longitudinal view will provide anonly about 11% difference above or below the actual
accurate method of measurement and may be im-degree of stenosis measured on the in vitro blocks.
plemented as a primary criterion in duplex scanningThis regular and reasonable shift from the mean val-
in the future. The velocity measurements may be usedidates the in vitro duplex measurements of % area
as a secondary criterion to define the physiologicallyreduction and can make duplex measurements of
significant haemodynamic changes and to confirm thespecimens in vitro an easy and accurate way of further
occlusion. There is a need for further study with avalidation of duplex criteria in the future without the
larger number of patients to validate this method.need for tedious measurements of pathology specimen
Specimen measurements by duplex can be used inblocks. the future to validate other measurements instead of
The validation of the in vivo measurements of the tedious block measurements.
degree of stenosis using % area reduction for the CCA,
ECA and ICA on B-mode against the in vitro blocks
shows high correlation; linear regression analysis had
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